The taste of foods, in particular the palatability of these tastes, exerts a powerful influence on our feeding choices. Although the lateral hypothalamus (LH) has long been known to regulate feeding behavior, taste processing in LH remains relatively understudied. Here, we examined single-unit LH responses in rats subjected to a battery of taste stimuli that differed in both chemical composition and palatability. Like neurons in cortex and amygdala, LH neurons produced a brief epoch of nonspecific responses followed by a protracted period of taste-specific firing. Unlike in cortex, however, where palatability-related information only appears 500 ms after the onset of tastespecific firing, taste specificity in LH was dominated by palatability-related firing, consistent with LH's role as a feeding center. Upon closer inspection, taste-specific LH neurons fell reliably into one of two subtypes: the first type showed a reliable affinity for palatable tastes, low spontaneous firing rates, phasic responses, and relatively narrow tuning; the second type showed strongest modulation to aversive tastes, high spontaneous firing rates, protracted responses, and broader tuning. Although neurons producing both types of responses were found within the same regions of LH, cross-correlation analyses suggest that they may participate in distinct functional networks. Our data shed light on the implementation of palatability processing both within LH and throughout the taste circuit, and may ultimately have implications for LH's role in the formation and maintenance of taste preferences and aversions.
Introduction
When we encounter a taste, we appreciate both its chemosensory properties and its palatability-the degree to which the taste is pleasurable or aversive. Recent work suggests that the processing of this complex taste experience may involve coordination between multiple brain areas (Grossman et al., 2008; Piette et al., 2012) . Dissecting these interactions should reveal general principles underlying the organization and function of the taste system.
To deduce the nature of the relationships between areas, it is useful to compare the temporal properties of each area's responses. The taste system is highly conducive to such an approach, because different aspects of the taste experience-the simple presence of a taste on the tongue, its chemical identity, and its palatability-are reflected within distinct epochs of cortical and amygdalar responses (Katz et al., 2001; Sadacca et al., 2012) . Behavioral manipulations targeting taste palatability selectively alter activity within the palatability-related response epoch (Fontanini and Katz, 2006; Grossman et al., 2008) . Comparison of response dynamics across brain areas Sadacca et al., 2012) has yielded predictive insight into cooperation between the areas involved in palatability processing (Piette et al., 2012) .
The lateral hypothalamus (LH), which interacts directly with multiple cortical and subcortical gustatory regions (Berthoud and Münzberg, 2011) , is an attractive site for the further investigation of taste-response dynamics. LH is a powerful driver of feeding behavior: inactivation of LH leads to hypophagia (Anand and Brobeck, 1951; Grossman et al., 1978) ; electrical stimulation of LH drives both voracious eating (Hoebel and Teitelbaum, 1962; Margules and Olds, 1962) and production of orofacial behaviors typically associated with aversive tastes (Berridge and Valenstein, 1991) . It is reasonable to suggest that LH may play a role in processing the hedonic quality of taste stimuli.
A number of studies (Burton et al., 1976; Fukuda et al., 1986; Ferssiwi et al., 1987; Berridge and Valenstein, 1991; Grabenhorst et al., 2010) have directly implicated LH in palatability processing, but few have directly measured taste responses in individual LH neurons. Of these, some evidence exists for the presence of taste-specific, palatability-related responses in LH (Norgren, 1970; Schwartzbaum, 1988; Yamamoto et al., 1989) , but nothing is known about how information relating to various aspects of the taste experience evolves over time within LH responses.
Here, we recorded single-unit activity in LH of awake rats while exposing them to five standard taste solutions. Our data demonstrate that, after a brief nonspecific epoch that likely signals the detection of taste stimuli on the tongue, LH responses (unlike those in cortex) primarily reflect palatability, concordant with the hypothesis that LH is important for processing the emotional aspects of taste stimuli. Furthermore, LH contains two populations of neurons with distinct palatability-related re-sponse properties: one best modulated by palatable stimuli, the other by aversive stimuli. These two populations appear to comprise separate functional networks, suggesting a dissociation in how LH processes pleasant versus aversive taste stimuli.
Materials and Methods
General and surgical procedures. Six adult (250 -300 g) female LongEvans rats (Charles River Laboratories) served as subjects in the present study. Rats were maintained on a 12 h light/dark schedule, and sessions took place around the same time within the light period. All surgical and experimental procedures used in this study are in accordance with National Institutes of Health guidelines and were approved in advance by the Brandeis University Institutional Animal Care and Use Committee.
Before the start of each experiment, we surgically implanted multiwire electrode bundles (25 m Formvar-coated nichrome wires, 16 wires per bundle) into LH using techniques described previously (Katz et al., 2001; Fontanini and Katz, 2006) . In three animals, electrodes were implanted in only one hemisphere of LH, while the remaining animals received bilateral electrode implants. To sample multiple regions within LH, we kept the mediolateral positions of the bundles fixed at 1.8 mm lateral to the midline, but varied the anteroposterior position of the electrodes across implantations, from Ϫ2.0 to Ϫ3.5 mm with respect to bregma. The electrode tips were lowered to a depth of 8.0 -8.3 mm below the surface of the brain. After the electrode bundles had been implanted, during the same surgical session, we affixed an intraoral cannula (IOC) to either side of the rat's skull. Each IOC consists of a hollow polyethylene tube inserted beneath the temporalis muscle terminating immediately anterolateral to the first maxillary molar (Grill and Norgren, 1978; Travers and Norgren, 1986) , which allows controlled amounts of select taste solutions to be infused directly onto the dorsal surface of the rat's tongue.
Anesthesia was maintained throughout surgery via intraperitoneal injections of a ketamine/xylazine mixture (1 ml ketamine, 0.05 ml xylazine/kg body weight). After surgery, rats were given postoperative analgesics (Rimadyl, 4.4 mg/kg) and antibiotics (penicillin, Pro-Pen-G; 150,000 U/kg) for at least 2 d, and were allowed to recuperate for 7 d before the start of the experiment. During the recovery period, rats were provided with ad libitum access to chow and water. To monitor the health of the animals, we weighed the rats daily during the recovery period and the ensuing taste experiment. Rats did not fall below 85% of their presurgery weight throughout the entire experiment.
Experimental design. We began each experiment by habituating the rats for at least 2 d to the behavioral chamber, the recording apparatus, and the delivery of fluids through the IOC. After the animals had been habituated, we performed daily recording sessions for a minimum of 5 d and a maximum of 9 d (mean length of session: 7 d). During each recording session, we administered a pseudo-randomized sequence of five taste stimuli consisting of reagent-grade chemicals dissolved in distilled water.
We chose standard taste solutions [sweet: 300 mM sucrose (S); salty: 150 mM sodium chloride (N); distilled water (W); sour: 10 mM citric acid (C); and bitter: 2 mM quinine hydrochloride (Q)] that varied in both chemical composition (and therefore in sensory properties) and hedonic quality. All non-water taste stimuli were well above behavioral thresholds, and while they may have varied somewhat in intensity, our concentrations generally fell within the range of intensities used by other research groups (100 -1000 mM sucrose, 100 mM sodium chloride, 1-10 mM quinine, and 10 -30 mM acid; for review, see Yamamoto et al., 1985; Frank et al., 2003; Geran and Travers, 2009; Chen et al., 2011; Rosen and Di Lorenzo, 2012) . We did not attempt to present "iso-intense" stimuli because there is no consensus in the literature as to which concentration of sucrose would be the same as a particular concentration of quinine (the variability of concentrations used across the studies listed stands testament to this fact)-that is, no single, definitive neural or behavioral scale against which different stimuli can be normalized. Even within the realm of behavioral measures, stimuli described as maximal in intensity vary between tasks (e.g., contrast Travers and Norgren, 1986 , which shows gape responses asymptoting near 1 mM quinine, with Reilly and Pritchard, 1996 and Bueter et al., 2011, which show consumption asymptoting at ϳ0.03 mM quinine).
Taste solutions were delivered onto the tongue via a bundle of five polyimide tubes inserted through the IOC, with a separate tube for each solution. For each taste delivery, a brief 20 l pulse of the corresponding solution was infused out of the polyimide tube. The interval between deliveries varied uniformly between 20 and 40 s, which is sufficiently long for the taste system to reset (A. Fontanini and D. B. Katz, unpublished observations) . Taste solutions were presented in pseudo-randomized blocks to ensure even sampling of the five tastes. To ensure consumption during the recording sessions, rats were put on mild water restriction (ϳ18 h of access to water each day in the home cage) starting from 1 d before the first recording session and lasting throughout all recording days.
Recording sessions typically lasted less than an hour and consisted of 15-20 repeats of each of the five taste stimuli, for a total of 75-100 separate taste deliveries. We have previously shown that palatability and neural responses are stable across this length of session and volume of fluid consumption (Fontanini and Katz, 2006) . Although the general stimulus delivery design remained the same from day to day, the electrodes were sometimes moved in 0.075 mm increments between recording days to sample more of the LH neuropil, and to obtain fresh units for each recording session. Across all recording days, the electrodes were moved up to a total of 0.4 -0.6 mm in depth (mean depth: 0.5 mm).
At the end of the experiment, rats were deeply anesthetized with an overdose of the ketamine/xylazine mixture used in surgeries, and electrolytic lesions (via 7 A DC current for 7 s) were made to mark the locations of select electrode tips. We then perfused the rats with 10% formalin, harvested the brains, sectioned the brains at a thickness of 50 m, and stained the slices with cresyl violet (Sigma-Aldrich). The sections containing the electrode tracks and lesions were compared with a rat brain atlas (Paxinos and Watson, 2007) , and we extrapolated from our records of the electrode movements across recording days to identify the anatomical locations of the recordings.
Palatability/preference data. Palatability of the tastes in our battery were determined using a brief-access test (for details, see Sadacca et al., 2012) run on a separate group of rats (N ϭ 7) that underwent the same water restriction protocol as the rats used in the recording experiment. Consumption data were collected across 2 testing days, and averaged for each animal. The palatability/preference ordering determined by the brief-access test-S Ͼ N Ͼ W Ͼ C Ͼ Q (Fig. 1B) -is identical to that observed across a broad range of physiological conditions, stimulus delivery methods, and assessment techniques (Grill and Norgren, 1978; Travers and Norgren, 1986; Breslin et al., 1992; Galaverna et al., 1993; Stewart et al., 1994; Clarke and Ossenkopp, 1998; Dess, 2000; Fontanini and Katz, 2006; Sadacca et al., 2012) .
It is highly unlikely that palatability was confounded with intensity in our experiment, because the reliable palatability ordering within our stimulus set does not covary with any of the putative neural and behavioral measures of taste intensity, such as the extent to which each taste activates the chorda tympani, or the number of orofacial movements produced in response to each taste (Grill and Norgren, 1978; Travers and Norgren, 1986; Formaker and Frank, 1996) . In addition, our data ( Fig.  1C-E ; see also Fig. 5A ) demonstrate that even though distilled water is the least intense stimulus within our array, it often produced an intermediate response in LH neurons. If LH neurons were actually encoding intensity, we would expect distilled water to elicit either the weakest or the strongest response.
Neural data collection and processing. During each recording session, 16 channels (one electrode bundle) or 32 channels (two bundles) of voltage data were sampled at 40 kHz, amplified, filtered, and recorded using hardware from Plexon Inc. From the raw voltage signals, we retained all waveforms that crossed a certain amplitude threshold and sorted these waveforms into individual unit clusters using threedimensional cluster cutting techniques (Offline Sorter, Plexon Inc.). Sorted waveform records were digitized at 1 kHz.
We characterized taste responses separately for each neuron, focusing on the 2750 ms of spiking activity immediately following each taste delivery (by this time, swallowing behaviors that eliminate the taste from the tongue make interpretation of neural responses increasingly difficult; see Travers and Norgren, 1986) . To obtain the evoked response for a single taste delivery, we subtracted each millisecond of the spike train following delivery by the mean value of the spike train from the baseline period, defined as the 1500 ms immediately preceding delivery. All analyses for each neuron were performed on the full set of evoked responses collated across all deliveries of all five tastes.
Analysis of neural response properties-from more general to more specific. We analyzed a set of response properties varying from general to very specific: we first tested whether the neuron in question had any response to taste delivery at all (i.e., whether it was "taste responsive"); next, we tested whether these responses differed in any possible way across tastes (i.e., whether the responses were "taste specific"); finally, we tested whether the pattern of responses evoked by the five stimuli specifically reflected the palatability ordering of the stimuli (i.e., whether the responses were "palatability related"). Below, we describe each analysis in turn.
"Taste responsiveness" reflects the degree to which a neuron's activity conveys information concerning the general presence of a taste on the tongue. Taste responsiveness simply implies that firing rates deviate from baseline following taste delivery, and is thus determined using a one-sample Student's t test: if baselinesubtracted responses (collated across all deliveries of all five tastes) differ significantly from zero, the neuron is deemed "taste responsive." In total, 87 of 128 neurons exhibited responses that were significantly taste responsive. As is often the case in sensory physiology, many (54) of these neurons show no significant modulation that was specific for a subset of stimuli; there are many possible sources of such responses-taste-induced arousal (Hagan et al., 1999; Hassani et al., 2009) , somatosensory activity (Katz et al., 2001) , or even auditory response to solenoid opening (Norgren, 1970) ; regardless, nonspecific responses were outside the scope of this investigation, and such neurons were not studied further.
Taste-specific responses, by definition, allow discrimination of at least a subset of the five distinct taste stimuli-that is, the response to at least one taste differs significantly from the response to at least one other taste. To test for taste specificity, we used a one-way ANOVA in which the factor was the chemical identity of the taste solution: a significant effect indicates that the response to at least one taste is different from the response to at least one other taste. Note that this analysis is more exacting than that for taste responsiveness, as the former requires only that responses occur, and not that any be statistically distinct from another; thus, a neuron that is taste specific is likely also taste responsive, but the reverse is not necessarily true, and thus fewer neurons will be significantly taste specific than taste responsive in any dataset. However, also note that a broad variety of firing patterns (N Ͼ S ϭ Q ϭ C ϭ W; W ϭ C ϭ N Ͼ S ϭ Q; Q Ͼ C Ͼ W Ͼ N Ͼ S; to list a few) can confer taste specificity. In total, 35 of 128 neurons exhibited responses that were significantly taste specific.
Finally, palatability-related responses were those that not only differed depending on which taste was delivered, but did so in a very specific manner-increasing (or decreasing) with the palatability of the taste. To identify such responses, we computed the rank correlation (r), across all taste deliveries, between the evoked response and the palatability of the associated taste (t tests were used to evaluate the significance of r). Note that this analysis is more exacting than that for taste specificity, as the former requires only that responses be different from one another, and not that they be ordered in any particular way; thus, any palatabilityrelated response is likely also to be taste specific (although the difference between an ANOVA and Pearson correlation ensures that this will not always be the case). The reverse, meanwhile, is not necessarily true (given the huge number of response patterns that confer taste specificity, there is no particular reason to expect a taste-specific response to be palatability related a priori), and thus fewer neurons will be significantly palatability related than taste specific in any dataset. In total, 30 of 128 neurons exhibited responses that were significantly palatability related-a percentage that is higher than or comparable to the total percentage of taste-specific neurons reported in other taste areas, such as gustatory cortex (GC) and the amygdala (Nishijo et al., 1998; Katz et al., 2001; .
Correlational analysis similar to that used here has been used elsewhere to study palatability in taste-and smell-induced electrophysiological and BOLD activity (Nishijo et al., 1998; Anderson et al., 2003; Small et al., 2003; Haddad et al., 2010) , to categorize taste responses more generally (Frank, 2000; Spector and Travers, 2005) , and to characterize other relationships between neural activity and perceptual properties (Blood et al., 1999; Roitman and Shadlen, 2002;  for just a few of countless examples, see Ogawa et al., 2013) . In our laboratory, this specific approach has been used to reliably and repeatedly identify responses that shift from being purely taste specific to being palatability related: the first 500 ms of taste-specific cortical responses are generally not palatability related, whereas later portions are strongly palatability related (Katz et al., 2001; Piette et al., 2012; Maier and Katz, 2013) . In summary, if LH responses were not truly palatability related, only a chance few response patterns would correlate significantly with palatability, which is contrary to our observations. Finally, we also examined the possibility that LH responses are correlated with a "motivation/intensity" function-that is, whether any neurons respond strongly to 300 mM sucrose and 2 mM quinine (both of which can be used to strongly motivate behavioral change), and less to stimuli that are less effective for driving behavior (Grill and Norgren, 1978; Travers and Norgren, 1986; Bueter et al., 2011) . Specifically, we probed for response correlations with two intensity functions: S ϭ Q Ͼ N ϭ C Ͼ W, and Q Ͼ S Ͼ C Ͼ N Ͼ W; vanishingly few LH response patterns were significantly correlated with either of these two functions ( Fig. 2A) .
Analyzing neural response dynamics. To probe the dynamics of tasteresponsive, taste-specific, and palatability-related firing for a given LH neuron, each of the above tests was applied to successive time windows of that neuron's evoked responses (window size, 500 ms; step size, 50 ms; span, 0 -2750 ms relative to taste delivery). Statistical significance was evaluated at a p value of 0.01, but only when a stretch of at least three successive windows reached this threshold was that stretch deemed taste responsive, taste specific, and/or palatability related. Testing of baseline periods revealed that a threshold of three successive time points completely eliminated spurious significances (one or two successive time points produced, respectively, 10 -12 or 3-5 neurons with spurious significances); however, our general conclusions are robust to the choice of threshold.
A number of analytical checks further increased our confidence in our conclusions. First, we confirmed that lowering the significance threshold for each window from p Ͻ 0.01 to p Ͻ 0.001 or decreasing the window size in the moving window analysis from 500 to 250 ms had no qualitative impact on any of our results. In addition, to determine whether serial correlations between deliveries could have affected our results, we computed the autocorrelation function of each neuron's responses across successive taste deliveries. Across all neurons, across all lags, the correlation almost never (Ͻ1%) rose above 0.2, or dipped below Ϫ0.2. Finally, although recent work suggests that distilled water may be best thought of as a basic taste (Rosen et al., 2010) , we confirmed that our main findings remained unchanged even after we had excluded neural responses to water from our analyses.
Handling inhibitory responses. Some LH neurons were inhibited by taste stimuli. Because (1) these neurons were in the minority, making up only 26% (9/35) of the neurons with tastespecific responses; (2) all of our analyses essentially dealt with the magnitude rather than the direction of evoked responses; and (3) our findings were similar across neurons with both excitatory responses and inhibitory responses, we combined the two groups in our final analyses (removing neurons with inhibitory responses did not alter our conclusions). We have, however, differentially labeled the two types of neurons in a subset of our figures (Figs. 2 B, C, 3C, 4A).
Analysis of functional connectivity. To calculate the strength of the functional connectivity between simultaneously recorded pairs of neurons, we computed the millisecond-bymillisecond cross-correlogram between the two spike trains for each taste delivery, and averaged the result across all taste deliveries. We refer to the outcome of this procedure as the "raw cross-correlogram." To remove components in the raw cross-correlogram that are associated with the taste stimulus and the firing rates of the two neurons, we permuted the order of the taste deliveries for one of the neurons and recalculated the cross-correlograms from the shuffled data. We averaged the shuffled cross-correlograms across 1000 separate permutations and subtracted the shuffled average from the raw cross-correlogram, the result of which we call the "shuffle-corrected cross-correlogram." The strength of the functional connectivity was taken to be the peak height of the shufflecorrected cross-correlogram between Ϫ10 and 10 ms. The same calculation was performed on the shuffled cross-correlograms, and the 99th percentile of the resulting distribution of peak heights served as the cutoff for statistical significance of the functional connectivity measured between a given pair of neurons. We computed the functional connectivity separately for the baseline period, which for this analysis spanned the last 2500 ms of the spike train preceding taste delivery, and for the evoked period, which spanned the first 2500 ms following taste delivery.
Results

LH responses reflect first the presence, and then the palatability, of proffered tastes
We measured taste responses from a total of 128 LH neurons across six rats (mean Ϯ SEM: 2.3 Ϯ 0.24 neurons/bundle/session). The responses (Fig. 1C-E , top panels, spike rasters, bottom panels, peristimulus time histograms) of three representative LH neurons to the five stimuli are shown in Figure 1C -E. For all three neurons, the initial portion of the response was highly similar across all tastes, and thus uninformative about either the chemical identity of the stimulus or its palatability. In other words, the earliest taste-induced activity was simply significant but nondis- . B, For the 27 neurons with both significant taste-responsive and taste-specific responses, the onset of taste specificity ( y-axis) is plotted against the onset of taste responsiveness (x-axis). C, For the 23 neurons with both significant taste-specific and palatability-related responses, the onset of palatability relatedness ( y-axis) is plotted against the onset of taste specificity (x-axis). In both B and C, each symbol corresponds to the measurements from a single neuron, symbols with halos denote neurons with inhibitory responses, and the dashed diagonal line represents the unity line. All times are relative to taste delivery. D, The distribution of best stimuli for all 42 LH neurons with significant taste-specific responses, palatability-related responses, or both. The height of each bar indicates the number of neurons that responded most strongly to that particular taste.
tinctive taste responsiveness (Fig. 1C-E , bottom, light gray horizontal lines). By approximately 250 -500 ms after taste delivery, the responses in Figure 1 , C and D, had become taste specific (darker gray lines). Furthermore, both examples became palatability related at approximately the same time (darkest gray lines). Specifically, the neuron in Figure 1C responded preferentially to the most palatable taste (sucrose, brown line), less to the second most palatable taste (sodium chloride, red line), and scarcely at all to the three least palatable tastes (water, citric acid, and quinine); each evoked response in Figure 1C was short lived, returning to baseline within 1000 ms of taste delivery. In contrast, the neuron in Figure 1D produced slowly building, long-lasting excitatory responses to all five tastes, but was most strongly activated by the least palatable taste (quinine), less by more palatable tastes, and least of all by the most palatable taste, sucrose; the response to quinine could be detected for Ͼ2000 ms following stimulus delivery. Finally, the neuron shown in Figure 1E also produced longlasting responses that were palatability related; these responses, like those in Figure  1D , were strongest to aversive tastes-but were in the inhibitory direction (note that a significant correlation with palatability was only achieved late in this neuron's responses, possibly because of a floor effect on firing rate).
In summary, the examples in Figure 1 suggest that significant periods of taste responsiveness, taste specificity, and palatability relatedness can often be found in the same LH neuron. In each case, the responses were initially nondistinctive, and subsequently became palatability related and taste specific. Furthermore, taste specificity and palatability relatedness emerged at approximately the same time. The latter finding is unlike what has been observed in gustatory cortex and central amygdale (CeA) (Katz et al., 2001; Sadacca et al., 2012) , suggesting that the central aspect of taste-specific LH responding may involve the processing of palatability.
We found that the firing pattern seen in the example neurons-nondistinctive taste responsiveness followed immediately by taste specificity that was entirely palatability related-also characterizes the entire LH population of taste responses. In Figure 2A , the percentage of LH neurons that were taste responsive (dashed line) rose rapidly shortly after taste delivery, while tastespecific (gray line) and palatability-related (black line) responses appeared only after the initial nondistinctive responses and exhibited nearly identical time courses. Few LH neurons produced responses related to motivation/intensity (Xs and Os; see Materials and Methods).
As suggested in Figure 1 , this progression from responsiveness to specificity/palatability also characterized the responses of many individual neurons. The vast majority of neurons with taste-specific responses (77%; 27/35 responses) were also significantly taste responsive (nearly 10% higher than the percentage of taste-responsive neurons in the overall population-suggesting that the two properties were present in the same neuron more often than would be expected by chance. When the onset of taste specificity was plotted against the onset of taste responsiveness for these neurons (Fig. 2B) , the data points were located almost exclusively to the left of the unity line, demonstrating that in nearly every LH neuron that conveyed both types of information, a period of taste responsiveness preceded taste specificity. A Wilcoxon signed rank test showed that the difference in onset times was highly significant (Z (27) ϭ Ϫ4.3; p Ͻ 0.001).
We also observed extensive overlap between taste specificity and palatability relatedness in individual LH neurons: approximately two-thirds (66%; 23/35 LH neurons) of the LH neurons with significant taste-specific responses also had palatabilityrelated responses. Furthermore, when we pitted the onset latency of taste specificity against the onset latency of palatability relatedness in these neurons, the resultant "cloud" of points was tightly clustered along the unity line ( Fig. 2C ; regression slope: 1.1; 95% confidence interval: 0.8 -1.3), indicating that these two properties arose concurrently within single-neuron responses. The extent of the overlap is even more striking given the fact that (1) the statistical tests used to classify the neurons are prone to a certain amount of noise, and (2) the two taste properties were assessed independently. The few (n ϭ 7) palatability-related responses that were not also taste specific likely reflect differences between rank correlation (which ignores the magnitude of between-taste firing rate differences) and ANOVA (which does not). Figure 2C suggests that taste-specific LH responses may on the whole be best thought of as palatability related. If this conclusion is valid for the entire population of LH neurons, then the "best stimulus" (the stimulus that most strongly modulates the neuron's response) for each neuron will most likely be either sucrose (the most palatable taste) or quinine (the most aversive taste). If, on the other hand, LH responses are simply taste specific in a more general sense, then similar numbers of neurons will respond most strongly to each of the five stimuli-that is, the distribution of best stimuli across the population will be uniform. Figure 2D reveals that the majority (n ϭ 28) of the 42 neurons that were either significantly taste specific, significantly palatability related, or both responded most strongly to either sucrose or quinine; in fact, best responses to either sucrose or quinine were observed more than twice as often as best responses to acid, the third most likely occurrence. This distribution of best stimuli differs significantly from a uniform distribution ( 2 (4) ϭ 13.2, p ϭ 0.01), allowing us to reject the hypothesis that LH responses are purely taste specific. The distribution was not, however, significantly different from an "all quinine or sucrose" distribution ( 2 (4) ϭ 4.8, p ϭ 0.31). We therefore conclude that LH taste responses are not merely taste specific, but are also palatability related. In a later section (Fig. 4C ), we will provide convergent evidence for this conclusion, showing that the relatively small percentage (12/35 LH neurons, 34%) of LH neurons that appeared to contain taste-specific but not palatability-related information are not a separate group (although they are excluded from subsequent analyses of palatability-responsive neurons), but are likely neurons producing palatability-related responses that were not quite robust enough to be detected by our statistical tests. Put simply, and as implied by Figure 2 , C and D, virtually all of the stimulus specificity observed in LH taste responses appears to be more or less palatability related. The remainder of this article will therefore focus on palatability-related responses.
LH contains two distinct populations of palatabilityresponsive neurons
Further analysis revealed that palatability-related LH responses come in two types that differ along the following three basic response parameters: (1) the time course of the evoked response, (2) the baseline firing rate, and (3) the latency to palatabilityrelated firing. The examples displayed in Figure 1 , C and D, are representative members of the two populations. The neuron in Figure 1D produced responses that were far more protracted than those produced by the neuron in Figure 1C . In addition, the baseline firing rate in Figure 1D is four times higher than that in Figure 1C . Finally, taste-specific information appears slightly later in Figure 1D than in Figure 1C .
The intensity plot in Figure 3A reveals the two possible time courses of taste responses. Each row depicts a separate neuron's evoked response (averaged across all five taste stimuli) as a function of time following taste delivery; each response is normalized to its peak value, with brighter pixels denoting periods of greater response modulation. Responses are ordered according to their latency to peak, with neurons slower to peak placed closer to the bottom of the plot. Neurons in the top half of the stack produced brief responses that peaked within 250 -750 ms but had largely vanished by 1000 ms (similar to the neuron in Fig. 1C ). The responses of the neurons in the bottom half of the stack are more protracted, peaking after 1000 ms and often remaining elevated until at least 2000 ms after taste delivery (similar to the neurons in Fig. 1 D, E) . In line with these observations, a frequency histogram showing the percentage of the total evoked response magnitude contained within the 1000 -2000 ms period (Fig. 3B, top) has two peaks: a sharp peak at ϳ5%, representing the neurons that occupy the top rows of the intensity plot (for which the vast majority of the responses occurred earlier than 1000 ms); and a flatter bump from 30% onward, made up of neurons situated near the bottom of the intensity plot. Palatability-responsive neurons were also approximately bimodal with regard to both baseline firing rate and latency to significant palatability-related firing. More than 50% of the neurons produced Ͻ5 spikes/s during the baseline period, but for another 16% the spontaneous firing rate was at least 30 spikes/s (Fig. 3B, middle) . Finally, for the majority of the neurons, the onset of palatability relatedness (Fig. 3B, bottom) occurred between 500 and 1000 ms after taste delivery, but for a separate group palatability relatedness did not reach significance until much later.
When all three response characteristics were taken into account, the neurons arranged themselves into two discrete clusters (Fig. 3C) , a grouping that was determined by a k-means cluster analysis. Neurons in the first cluster (Fig. 3C, filled circles) tended to have more phasic taste responses, smaller baseline responses, and more rapid onset of palatability-related firing than neurons in the second cluster (Fig. 3C, hollow circles) . We evaluated the quality of the k-means clustering by comparing the sum of the squared distance (SSD) between each neuron and its cluster centroid for the k-means algorithm versus for random partitions of the dataset into correspondingly sized clusters. We found that the SSD for the k-means clusters (60.2) was considerably smaller than (and, indeed, out of the range of) the SSD values for 100,000 randomly selected clusters (mean: 84.0; range: 66.1-87.0).
The two groups of LH neurons with palatability-related responses differ with regard to whether they respond best to palatable or aversive tastes
Note that beyond the initial decision to restrict our analysis to neurons with palatability-related responses, the two population clusters in Figure 3C were determined in the absence of any direct assessment of the neurons' taste response patterns. We observed, however, that two subpopulations extracted by the clustering analysis also differed in the valence of their palatability representations. Consistent with the examples shown in Figure 1C -E, neurons in the first cluster reliably produced stronger responses to palatable stimuli than to aversive stimuli, while neurons assigned to the second cluster showed the reverse activation pattern. Figure 4A illustrates this dichotomy. For each neuron, the magnitude of the rank correlation between the evoked response and taste palatability is plotted as a function of time (correlation calculated from responses to all deliveries of all five taste stimuli; see Materials and Methods). Red pixels indicate portions of the response that were positively correlated with palatability (i.e., that were best modulated by palatable stimuli), while blue pixels reflect responses that were negatively correlated with palatability (i.e., that were best modulated by aversive stimuli). Green pixels show periods in which the correlation failed to reach statistical significance ( p Ͻ 0.01). With only two exceptions, neurons pulled from the first cluster-neurons with more phasic responses-responded more vigorously to palatable than aversive taste stimuli, as evidenced by the preponderance of red pixels in the top color plot. Similarly, with only one exception, neurons in the second cluster-neurons with more protracted responses-had only blue pixels and thus preferred aversive taste stimuli. For all three exceptions, palatability-related firing was not only relatively modest in strength (weaker pixel intensity) but also short lived (brief duration of red or blue segment).
In addition to the highly reliable relationship between basic response characteristics and palatability valence, we also found that neurons were absolute in their palatability valence: red and blue pixels were never present in the same neuron, even though our analyses did not preclude such an outcome. Therefore, the valence of the palatability-related firing appears to be an abiding functional characteristic differentiating the two kinds of responses identified in Figure 3C . We decided to base all further analyses on the sign of the palatability correlations, referring to neurons with positive correlations (red pixels) as "palatablepreferring neurons" and neurons with negative correlations (blue pixels) as "aversive-preferring neurons."
As suggested above, in Figures 1C-E and 3B , bottom, the two types of palatability-related responses had different time courses. In the palatable-preferring neurons, statistically significant correlations with palatability generally appeared between 250 and 750 ms after taste delivery (latency: 574 Ϯ 86 ms) and were uniformly short lived (interval between earliest and latest occurring red pixel: 466 Ϯ 68 ms). In the aversive-preferring neurons, meanwhile, significant anti-correlations tended to appear at later times (latency: 1178 Ϯ 162 ms; Wilcoxon rank sum test: Z (30) ϭ 3.2, p ϭ 0.001), and were of more variable duration (mean: 691 Ϯ 216 ms; Levene's test for equality of variances: F (1,28) ϭ 6.6, p ϭ 0.02). The overall effect is summarized in Figure 4B , which contains the averages of the raw correlation coefficients between neural responses and taste palatability for each subpopulation (red: palatable-preferring neurons; blue: aversive-preferring neurons): neural activity favoring pleasant taste sensations is dominant early in taste processing but is transient, all but disappearing within 1000 ms of taste delivery. Responses favoring disagreeable taste sensations, meanwhile, appear ϳ500 ms after taste delivery, continued to build across the remainder of the first 1000 ms, and persisted until the end of the 2500 ms analysis period. To confirm that our analysis of palatability produced very few "false positives" during the baseline period, for Figure 4B only we extended our estimates of the palatability correlation functions backward in time to 1000 ms preceding taste delivery.
The two response types capture virtually all taste-specific LH firing
Finally, we made use of the strong relationship between basic response characteristics and response patterning to further determine whether all taste-specific LH responses-even those that could not initially be classified as significantly palatability related (and which were therefore not included in the analyses of palatability-responsive neurons)-tend to resemble one of the two palatability-responsive subtypes. Specifically, we tested the hypothesis that the 12 neurons whose responses had previously been categorized as taste specific but not palatability related would, when assigned via basic response properties to one of the two clusters in Figure 3C , appropriately (albeit weakly) match the palatability function of their assigned cluster. Each of the 12 neurons was assigned to the cluster whose centroid was closer (in terms of Euclidean distance) to the neuron's position in the response characteristics space.
We focused on the 10 neurons that were assigned to the palatable-preferring cluster (the two neurons that grouped into the second cluster were too few for interpretable analysis). We assessed the similarity of the response patterns observed in these 10 neurons to those of the palatable-and aversive-preferring groups. Specifically, we computed the Pearson product-moment correlations (r) between the palatability relatedness through time of each of the 10 neurons and those for the palatable-preferring and aversive-preferring groups (respectively, the red and blue traces in Fig. 4B, from 250 ms onward) . This analysis provided two correlations for each of the 10 neurons in question: r a (the correlation between palatability relatedness for that neuron and the aversive-preferring pattern) and r p (the correlation between palatabillity relatedness for that neuron and the palatablepreferring pattern). If r p Ͼ r a , then the palatability function of the neuron is more similar to the average function from the palatable-preferring group, while the opposite is true if r a Ͻ r p . When we quantified the value of r p Ϫ r a across the 10 neurons (Fig. 4C) , we found, in line with our prediction, that 8 of the 10 had positive values and thus were more similar to the palatablepreferring neurons (one-sided sign test that r p Ͼ r a : p ϭ 0.05).
These results suggest that even taste-specific responses that failed to reach significance in palatability relatedness tended to come in two types that are distinguished by their basic response characteristics and palatability representations. That is, virtually all taste-specific LH responses are either phasic and palatable preferring or protracted and aversive preferring.
Palatable-and aversive-preferring LH neurons differ in their breadth of responsiveness and functional connectivity, but not in their general anatomical location
The above analyses separated neurons based on differences in baseline firing rates, response dynamics, and ordering of responses to taste stimuli. In addition, palatable-and aversivepreferring neurons differed in the dynamic range of their taste responses. Aversive-preferring neurons had a broad dynamic range, often responding distinctly to most or all of the five tastes, while palatable-preferring neurons tended to respond strongly and distinctly to only the most palatable tastes, and produced similarly weak responses to aversive tastes. The aversivepreferring neuron displayed in Figure 5A , for instance, responded distinctly to at least four tastes (only sucrose and sodium chloride responses were similar). The responses of the aversivepreferring neuron in Figure 1D varied similarly, albeit less evenly, across the entire palatability range: the response to sucrose was smaller than those to citric acid, water, and sodium chloride, which were smaller still than the response to quinine. Contrast these panels with Figures 1C and 5B , which show palatablepreferring neurons: each responded strongly to the most palatable tastes, but produced smaller and highly similar responses to the three (Fig. 1C) or four (Fig. 5B ) least palatable tastes. Figure 5C verifies that the dynamic ranges observed in the example neurons are characteristic of the two subpopulations. We computed a "palatability tuning curve" for each neuron by normalizing the magnitude of its evoked response to each of the five tastes by the magnitude of its sucrose response (for palatablepreferring neurons) or quinine response (for aversive-preferring neurons). The average tuning curve for the palatable-preferring group (red trace) drops off sharply after the two most palatable tastes and is nearly flat across the three least palatable tastes, whereas the tuning curve for the aversive-preferring group decreases gradually across all five tastes. The difference in curvature was especially marked for the tastes of intermediate palatability: sodium chloride, water, and citric acid. On average, these three tastes produced responses in aversive-preferring neurons that were 66 Ϯ 11% of their quinine responses, but activated palatable-preferring neurons to only 29 Ϯ 9% of their sucrose responses (Wilcoxon rank sum comparing the difference in activation for the three intermediate tastes:
An entropy analysis of the tuning curves (Smith and Travers, 1979) further confirmed that aversive-preferring neurons had a broader dynamic range than palatable-preferring neurons. By definition, the entropy of each tuning curve ranges between 0 and 1, where 0 is the narrowest possible tuning curve (neuron responds to only one taste) and increasing values of entropy indicate broader tuning curves. The average entropy of aversive-preferring neurons (0.90 Ϯ 0.03) was significantly larger than the average entropy of palatable-preferring neurons (0.77 Ϯ 0.02) (Wilcoxon rank sum test: Z (30) ϭ 3.0, p ϭ 0.003).
We observed one final difference between the two groups of palatability-responsive neurons: the strength of the functional connectivity between simultaneously recorded pairs of palatablepreferring neurons was greater than that for pairs of aversivepreferring neurons, as well as for mixed pairs containing one neuron of each type. Figure 6A plots the cross-correlograms from To aid with visualization, each trace was smoothed with a 10 ms rectangular filter. B, For all pairs, the peak height of the crosscorrelogram from the evoked period (y-axis) is plotted against the peak height from the baseline period (x-axis). The unsmoothed cross-correlograms were used to calculate the peak heights. Palatable-preferring, aversive-preferring, and mixed pairs are represented by red, blue, and purple symbols, respectively. Filled symbols correspond to pairs with statistically significant functional connectivities.
the evoked period, for all 7 pairs of simultaneously recorded palatable-preferring neurons (Fig. 6A , top, red traces), all 5 pairs of aversive-preferring neurons (Fig. 6A , middle, blue traces), and all 10 mixed pairs (Fig. 6A , bottom, purple traces). Figure 6B shows that pairs of palatable-preferring neurons exhibited the strongest functional connectivity, as measured by the peak heights of the cross-correlograms, for both the evoked (0.011 Ϯ 0.0012 spikes 2 /ms 2 ) and the baseline periods (0.010 Ϯ 0.0013 spikes 2 /ms 2 ). The cross-correlations for aversive-preferring pairs were weaker (evoked: 0.0063 Ϯ 0.0005 spikes 2 /ms 2 ; baseline: 0.0077 Ϯ 0.0012 spikes 2 /ms 2 ), and those for mixed pairs were weaker still (evoked: 0.0047 Ϯ 0.0003 spikes 2 /ms 2 ; baseline: 0.0050 Ϯ 0.0006 spikes 2 /ms 2 ). One-way ANOVAs showed that the difference between the pair types was statistically significant for both the evoked (F (2,19) ϭ 19.4, p Ͻ 0.001) and the baseline periods (F (2,19) ϭ 6.3, p ϭ 0.008). The differences remained significant even after the large outlier among the palatablepreferring pairs had been removed (evoked: F (2,18) ϭ 22.8, p Ͻ 0.001; baseline: F (2,18) ϭ 4.96, p ϭ 0.02). Finally, statistically significant functional connectivity was exclusively found among palatable-preferring pairs (Fig. 6B , four filled data points; see Materials and Methods for estimation of statistical significance). All of these four palatable-preferring pairs had statistically significant functional connectivity for both the evoked and the baseline periods. No other pairs reached significance for either period.
Given the many differences between the two groups of palatability-responsive neurons, it might be reasonable to speculate that the neurons are part of separate functional networks. Our histological results indicate, however, that the networks are not anatomically segregated-the two groups of neurons occupy overlapping anteroposterior levels within LH (Fig. 7) . Unfortunately, our anatomical data do not have the resolution to determine whether palatable-and aversive-preferring neurons originated from specific subregions within LH that are believed to subserve different functions based on their unique connectivity and neurochemical expression patterns (Goto et al., 2005; Swanson et al., 2005; Hahn and Swanson, 2010) . At the macroscopic level, however, the two groups appear interspersed.
Discussion
Two subpopulations of LH neurons
The response patterns of LH neurons during the taste experience implicate LH in palatability processing. We identified two groups of neurons within LH, one best activated by palatable tastes, the other by aversive tastes. The two groups could be further distinguished in terms of their (1) response dynamics, (2) baseline firing rates, (3) breadth of responsiveness, and (4) crosscorrelations with other LH neurons. Almost all LH neurons that produced taste-specific responses fell into one of two categories based on analysis of these parameters.
Taste response dynamics have been previously examined in GC and in basolateral amygdala (BLA) and CeA (Katz et al., 2001; Sadacca et al., 2012) . Despite LH's direct connections with all three areas (Krettek and Price, 1978; Berk and Finkelstein, 1982; Petrovich et al., 2001; Goto et al., 2005) , LH taste response dynamics bear only a limited resemblance to those observed in the other areas. Like in GC, CeA, and much of BLA, the earliest portion of taste responses in LH is nonspecific; in each region, responses become taste specific ϳ250 ms after taste delivery. The nature of the information within the tastespecific period differs across areas, however. In GC, the first 500 ms of this period provides information about the identity of the taste, but not its palatability. In BLA and LH, meanwhile, palatability-related information is present from the onset of taste specificity. The earlier, synchronous appearance of palatability information in BLA and LH suggests that they may work together to process palatability-related information.
Palatability-related information in LH is conveyed by two groups of neurons with distinct but overlapping time courses. BLA neurons with taste-specific responses generally express palatability information across a similar time course as palatablepreferring LH neurons. The time courses of these BLA and LH palatability responses both virtually disappear within 1000 ms of taste delivery ). However, the response patterns of the BLA neurons are more heterogeneous, with only 33% responding best to palatable tastes. Much of the palatabilityrelated information in GC depends upon input from BLA (Piette et al., 2012) ; future experiments will dissect the interactions between taste responses in BLA/GC and those in LH, and will examine how these interactions relate to perception.
Later palatability-related responding in LH is dominated by neurons that prefer aversive tastes. The complementary response characteristics of the two types of LH neurons, in conjunction with their close physical proximity, suggest a scenario in which they may reciprocally modulate each other's activity. The modulation is unlikely to be via direct connections, since we observed stronger functional connectivity between pairs of LH neurons of the same type than between Figure 7 . Anatomical organization of the two types of palatability-responsive neurons. Redor blue-shaded regions represent the extent of electrode tip locations from recording sessions that contained palatable-or aversive-preferring neurons. Regions that contained both types of neurons are denoted in purple, with the exact shade chosen to reflect the ratio of palatablepreferring to aversive-preferring neurons within that region. Black-shaded regions represent areas in which we did not find palatability-responsive neurons, but did find neurons with significantly taste-responsive or taste-specific responses. mixed pairs. It is more probable that palatable-preferring and aversive-preferring neurons form distinct but interacting functional networks. The taste circuit could conceivably contain two mutually regulating arms of palatability processing, the first consisting of BLA and palatable-preferring LH neurons, the second, aversive-preferring LH neurons.
Several observations suggest that the palatable-preferring neurons described in the present study might be part of the LH feeding center, which consists of a small population of widely projecting neurons that secrete orexin (ORX; Sakurai et al., 1998) or melanin-concentration hormone (MCH; Qu et al., 1996) . First, we recorded from a region that is not only necessary for the regulation of feeding behavior (Anand and Brobeck, 1951; Stanley et al., 1993) , but is also enriched in ORXϩ and MCHϩ neurons (Broberger et al., 1998; Sakurai et al., 1998) . In addition, the majority of palatable-preferring neurons had baseline firing rates between 0 and 5 Hz, comparable to in vivo measurements from ORXϩ neurons (Mileykovskiy et al., 2005; Takahashi et al., 2008) ; firing rates were much higher in aversive-preferring neurons, marking them as putative interneurons (Csicsvari et al., 1999; Hassani et al., 2009 Hassani et al., , 2010 Gentet et al., 2010) . Finally, ORXϩ neurons project densely to the amygdala (Schmitt et al., 2012) , consistent with possible cooperation between palatable-preferring LH neurons and BLA in processing tastes. While the precise identity of our neurons remains speculative at present, future experiments will directly probe the neurochemical content of LH neurons with specific patterns of taste responses.
LH's role in behavior
In addition to feeding, LH has been implicated in other tasterelated behaviors, including basic palatability perception: specifically, LH-ablated animals exhibit increased absolute preference/ aversion thresholds to saccharin (Ferssiwi et al., 1987) . Palatability information in LH emerges between 250 and 500 ms, which precedes and could potentially drive palatability-related orofacial behaviors that typically appear around or after 1000 ms (Travers and Norgren, 1986) . LH ablation also impacts learning paradigms such as conditioned taste preference and conditioned taste aversion (Roth et al., 1973; Berridge et al., 1981; Caulliez et al., 1996; Forestell and LoLordo, 2003) , with the consequences being greater for the former (Touzani and Sclafani, 2001, 2002) , although the latter still elicits electrophysiological and neurochemical changes in LH (Aleksanyan et al., 1976; West et al., 1991; Tucci et al., 1998) . LH therefore appears to be more central to the circuit for taste-preference learning than taste-aversion learning, consistent with our functional connectivity results suggesting that palatable-preferring LH neurons are part of a more cohesive network than aversive-preferring neurons.
Many taste-related behaviors, including feeding and conditioned taste aversion, have both palatability and motivationrelated components, which, while not identical, are nonetheless highly correlated (Galaverna et al., 1993; Berridge, 1996; Rana and Parker, 2008; Overduin et al., 2012) . LH is likely involved in both processes: it is anatomically connected to palatability-and motivation-related "hotspots," such as the nucleus accumbens shell and the amygdala (Krettek and Price, 1978; Berridge and Robinson, 2003; Tsumori et al., 2006; Thompson and Swanson, 2010) . Furthermore, stimulation of LH increases both consumption and the production of orofacial behaviors that signal aversion (Berridge and Valenstein, 1991), which may reflect coactivation of the two types of neurons with opposite response patterns.
These facts suggest that it is reasonable to begin an investigation of taste responses in LH by looking at either palatability or motivation, with the understanding that information about either property is likely informative about the other. We chose to use the term "palatability" here for the following reasons. First, motivation is typically assessed by an animal's efforts in seeking out a particular stimulus, but in our study taste delivery was not under the rat's control. Also, we measured responses to inherently meaningful stimuli, which, when delivered in the same manner as in our study, elicit the orofacial behaviors that have been used to determine palatability (Grill and Norgren, 1978; Berridge and Valenstein, 1991; Peciña and Berridge, 2005) . Finally, most studies of neural taste responses have described these responses in terms of palatability.
Our finding of two palatability-responsive LH populations bears some resemblance to an earlier study that identified distinct groups of rabbit LH neurons differentially excited by auditory cues predicting either the delivery of a palatable or an aversive taste. Many of these neurons expressed taste responses that were congruent with their cue responses (Schwartzbaum, 1988) . Unfortunately, it is difficult to directly compare the two studies because they were performed under very different experimental conditions. In the older study, both the timing and identity of an impending taste were predictable. Moreover, Schwartzbaum (1988) delivered taste stimuli via multiple slow pulses, while our rats experienced a single brief pulse. Finally, the rabbits were food deprived, while our rats were water deprived. Each of these conditions can impact neural responses (Di Lorenzo et al., 2003; de Araujo et al., 2006; Samuelsen et al., 2012) .
Possibly because he explored a larger swath of LH than we did, Schwartzbaum's (1988) two types of neurons were enriched in separate anteroposterior regions. Electrical stimulation of each region elicited opposing behavioral reactions consistent with either a generalized pleasurable or aversive experience (Schwartzbaum and Leventhal, 1990) . Thus, while any parallels between the Schwartzbaum (1988) and Schwartzbaum and Leventhal (1990) studies and our work are necessarily tempered by considerable empirical differences, they nonetheless suggest that our palatability-responsive neurons may be part of more comprehensive motivational networks.
Although our findings speak solely to LH's role in taste processing, they are consistent with several previous studies suggesting that LH may be broadly involved in signaling emotional value across sensory modalities. Strong anatomical connections, and in some cases, functionally relevant interactions, exist between LH and areas involved in learning and addiction, including the amygdala (Krettek and Price, 1978; Tsumori et al., 2006) , the nucleus accumbens (Kirouac and Ganguly, 1995; Stratford and Kelley, 1999; Sano and Yokoi, 2007) , and the orbitofrontal cortex (Leonard et al., 1969) , all of which also contain both palatabilityrelated responses (Zald et al., 2002; Taha and Fields, 2005; Rolls, 2009 Rolls, , 2012 and "value-related" responses to non-taste stimuli (Paton et al., 2006; Sabatinelli et al., 2007) . Moreover, LH neurons have been found to respond selectively to non-taste-related rewarding and aversive stimuli in a manner that is sensitive to dopaminergic and cholinergic modulation (Fukuda et al., 1990; Ono et al., 1992) . The extant data are consistent with a model of LH as an integral part of a generalized circuit through which streams of external and internal sensory information are influenced by neuromodulatory signals to motivate and guide behavior.
